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1. Tnrdu.L t±oD 11 '

The present report contains a preliminary, general discussionA

of fluid-film bearini;s for auxiliary power, AC-generators in space

vehicles as a possible alternative to conventional, rolling-element-type

bearings, the use of the latter being precluded due to relatively high

temperature conditions and environmental factors. The generators, rated

at 30 to 100 KVA at 24,000 rpm, are to be turbine-driven, self-contained

units, having no external seals between rotating and stationary elements.

The sealed containers are to withstand external pressures of 0 to 1

atmosphere and the ambient generator temperature is given as 6004.

Substances specified as possible working fluids for the closed-

cycle turbine are: mercury, sulfur, rubidium and aluminum bromide. These

fluids are • considered as lubricants for the journal and thrust

bearings of the generators and the feasibility-ok their use the liquid

and/or in the gaseous state, within a very roughly defined but limited

temperature - pressure regime# forms the first and very important

topic of this discussion. We ate that the maximum metal and fluld

temperatures within the bear a t exceed 8009F and assmme that

the fluid can be supplied as liqu and/or as a gas at a supply pressure

not exceeding 3 atmospheres absolute, ore and elsewhere we also discuss

likely effects of condensation (liquid d ets In gas-lubrieated bearings)
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and of jvaporation 1,vnpor bubbles in liquid-lubricated bearings).

particularly with rtfi•rence to appreciable temperature and pressure

variations in the vicinity of the dew point.

We consider the effects of the ambient environment and the

limitations imposed by it on the successful operation of certain types

of bearings. This is followed by an inquiry into the feasibility of

operating the generators during launching of the vehicle. A represent&-

tive value of acceslration for a large vehicle of 5g is assumed [ /9 )
and exa.mples are worked out for the load carrying capacity of typical

liquid and gas-lubricated journal bearings. The bearing load arising

from the gyroscopic couple in a vehicle which tumbles in space is also

considered, while in another section attention is given to severe

vibrations which may be encountered during launching and initial flight.

The steady-state operation of the bearings is discussed,

particularly with reference to weightlessness of the rotating mass and

the limitations imposed on bearing design by stability considerations

when the Journals rotate at high speeds in a nearly concentric position.

Possible advantages and disadvantages of liquid and gaseous lubricants

in a weightless environment are considered with regard to scavenging

and circulation.

In developing the numerous and frequently overlapping topies

of this report, we progressively eliminate from further consideration

those types of fluid-dilm bearings which are unsuitable from the

lubricant, environment and operational point of view, thereby narrowing

down the field to those bearing types which appear to be most promn•sI,

NOTE: Numerals In brackest refer to 9M~opah
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Whereas ro definite recommendations are made for specific

bearing and journal materials, general requirements are briefly discussed

with reference to tigh temperature operation, particularly from the

point of view of metal expansion, stability, creep and compatability of

materials at starting and stopping.

The appendices contain such information as is available with

reference to fluid properties and methods of estimating the latter

(Appendix 1). A brief, general outline of the theory of fluid-film

bearings is given (Appendix 2) and is supplemented by examples of

problems for which pertinent theoretical solutions and/or experimental

data exist.

The application of fluid-film bearings discussed in this
/

report is poorly defined and the variables are as numerous as their

effects are unpredictable. Both, the analytical and the experimental

aspects of such &n investigation involve extremely difficult problems

in the domains of fluid flow, heat transfer and thermodynamics, as Wen

as of metallurgy, ciemistry, theory of elasticity, and the broad field

of dynamics of continuous media. Theoretical solutions, experimental

data and reliable design information for fluid-film bearings, in which

the geometry and the properties of both. lubricants and bearing materipale

are subject to appreciable changes at elevated, non-uniform temperatures,

are almost non-exis-.ent, even for steady-state operation.

This report, therefore, does not preter4 to go beyond discussing

some of the more obvious problems which may be encountered with mtio

lubricants at elevated temperatures, in an unusual environment.

-3-
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2.- The Lubricai-a

The desirability to lubricate the bearing with a single phase

fluid is an obvious one. A realistic and reliable design, based on

predictable fluid chcracteristics, would be limited to either a liquid

or a gaseous lubricar:t. Whereas a few vapor bubbles in a liquid film,

or some minute liquid droplets suspended in a gas film are not likely

to impair seriously the performance of a bearing, the operating

characteristics may become quite erratic and unpredictable if rapid

evaporation or condersation id allowed to occur.

In a high-speed liquid bearing, operating in an essentially

concentric position (under conditions of weightlessness), the alternate

formation and collapse of vapor locks may give rise to unsteady motion

and, possibly, to the total destruction of the bearing. Similar remarks

apply also to a gas bearing if rapid condensation is precipitated due to

appreciable temperature and pressure changes near the dew point of the

substance. It is not advisable, therefore, that the operating' pressures

and temperatures for either liquid or gas-lubricated bearings, be they

self-acting or externally-pressurized, should lie close to the dew

point of the lubricant. For this reason also (among many other,

equally important considerations) it is essential to insure that the

ambient and/or supply pressures and temperatures of the lubricant be

maintained as closely as is possible within the specified design limits.

-4-
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No extensi.ve information is available with regard to properties

of suggested lubricants, particularly the viscosity. The only exception,

possibly, is mercur-y. In Appendix 1, therefore, formulas are given for

reasonably reliable estimates of the viscosity of dilute gases and for

very rough* estim~tos of the-viscosity of liquids. Figure Al-i and the

appended table give the vapor pressures of the suggested lubricants as

a function of tempe*.ature [ 29 1. The curve for aluminum bromide has

been extrapolated, 3ince no data is available for pressures above 1

atmosphere.

Since the normal melting points of all four lubricants fall

below 208*F (and aro not likely to change very appreciably for an

increase in pressure of 2 to 3 atmospheres) it becomes immediately

apparent that, in the region bounded approximately by a temperature

range between 600*F and 800*F and a pressure range between 45 psia and

1 psia, rubidium wdi be always available in liquid and aluminum bromide

in gaseous form. In this case, the choice between a gas-lubricated and

a liquid-lubricated bearing, self-acting or externally-preesurised", is

determined by the nature of the fluid.

With regard to mercury, the choice is dual. If the bearing

temperatures can be maintained below approximately 700F and the ambient

*Errors in excess of 50% may be incurred.
•At 24900 rpm the hydrodynamically.induced load carrying capacity may be

appreciable.
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pressure in the orcer of 15 psia, a liquid mercury bearing can be

operated. A mercury vapor bearing suggests operating temperatures closer

to 800F. For mercury, the vapor pressure curve "divides", so to speak,

the suggested temperaiture-pressure range and although mercury, both

liquid and gaseous, is an attractive lubricant from the point of view of

viscosity, the probloms of condensation and/or evaporation must be con-

sidered in the ligltot previous remarks. Finally, we note from Figure

Al-I, that in the temperature-pressure range specified in the foregoing,

sulfur will be available mainly in the liquid phase, particularly if the

ambient pressure is of the order > 10 psia.

So far we have not discussed the important property, the viscosity

of the lubricant. With the exception of mercury, viscosity data for the

remaining substances are not readily available for states in which they

may be considered as suitable lubricants. For the purpose of comparison

with viscosities of w31l known substances at room temperatures, we note

that the viscosity of water at 70"F is approximately 1.45 x 10-7 lb-sec/in2

and that of air is approximately 2.65 x 10-9 lb-sec/in2 . At low pressures

the viscosity is essentially a function of temperature only.

Figure Al-2 shows the viscosity of liquid mercury. At 600OF

the viscosity of liquid mercury is of the same order as that of water

at room temperatures and decreases but little with increasing temperatures

a desirable characteristic. Figure AI-3 shows the viscosity of mercury

vapor, the dashed line representing extrapolated values obtained by means

of Sutherlands formula, equation (Al-5). We note that at 7000 gseous

-6-
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mercury is approximately 3 times as viscous as air at 70'F. The same

figure also shows approximate values of viscosity of gaseous aluminum

bromide, calculated by means of formula (Al-I), Appendix 1. At 700'F

one may expect the viscosity of Al Brj to be approximately 10 times

that of the viscosity of air at 70"F.

Liquid sulfur has a most unusual viscosity characteristic,

Figure Al-4. In the neighborhood of 300"F it has a viscosity of the

order 10 times that of water at room temperature, but at 400*F its

viscosity is approximately 2d,000 times as high as the viscosity of

water at room temperature. No information is available for liquid

sulfur in the rangs of 600* to SO0F. In view of the unusual behavior

of this element, caused by changes in molecular structure, no attempt

was made to estimate the viscosity of liquid sulfur in the aforementioned

temperature range. Suffice it to say, that unless the viscosity of

liquid sulfur decreases at least by a factor of 103 between 1400F an-1

600"F, the "pitch-like" -quality of this substance appears to preclud&

its successful application as a liquid lubricant in a high-epeed bearing.

On the other hand, its useful range as a gaseous lubricant is associated

with temperatures "h..ch are either too highor too close to the dew

point.

No viscosity data are available for rubidium, but the properties

of this metal are likely to resemble thoseof cadmium, potassium and sodium.

The viscosities of these metals C 28 1 at representative points of their

liquid-phase temperature range aro- tabulated below.

-7-
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TMetTl kLL lb-sec/in

Cadcbiu 752 3.14 x 10-
(C0) 932 2.67 x 1o-7

1112 2.24 x 10-7

Pot,.s$uium 153.3 .746 x 10-7
(K) 482 .374 x 1O-7

1292 .197 x 10-7
Sodiun 219.7 .994 x 10-7

(Na) 482 .552 x 10-7
1292 .264 x 10-7

The viscosities of other liqu4d metals are of the same order of magnitude

(3.07 x 10-7 - 1.73 . 10-7 for lead between 826"-1551*F), so that one

may expect the viscof;ity of liquid rubidium to be comparable with that

of water at 70*F and, generally, with the viscosities of other liquid

metals.

Summarizing, we conclude from the preceding paragraphs that,

in the specified temperature-pressure range, rubidium may be considered

as a liquid lubricant, aluminum bromide as a gaseous lubricant, and that

with mercury either alternative is feasible, provided that care is

exercised to avoid an operating condition in which either rapid evaporation#

or condensation take place. It appears that sulphur does not hold out

much promise as a lubricating medium in the considered temperature-

pressure range.

3. The Environment

In the course of preliminary discussions with Jack and Heints

Inc., one of the suggestions made was, that the entire alternator assembly#



THE FRANKLIN INSTITIuE - Laboratories for Research and Development

including the bearings, be placed in the turbine condenser, in an

environment corresponding to ambient conditions of approXimatea;j 1 Sia

and 600*F. If we bear in mind that in the absence of gravitational

forces the bearings operate in an essentially concentric position, when

the pressure throughout the film of a self-acting bearing varies but

little from the ambient pressure, and that no gravity sump exists for

liquid lubricants, we unavoidably impose additional limitations on the

already restricted choice of bearing and lubricant. Referring to Figure

Al-l, we note that aluminum iromide is available in gaseous form at very

low pressures in the 600*F-SWOF temperature range. The load capacity

of a self-acting gas bearing, however, is dictated by the ambient

pressure level, so that only externally-pressurized bearings can be con-

sidered in this case. Rubidium, on the other hand, is still a liquid at

low pressures in this temperature range and could be considered for both

self-acting and externally-pressurized bearings. In the absence of

gravity, scavenging of liquid lubricants is a problem, since no natural

gravity sump exists and the forces acting on a liquid in a weightless

environment are mainly due to surface tension and centrifugal effects.

From a point of view of lubrication, flooding has no adverse effect on

the bearing performance, but removal of the lubricant-condensate from the

condenser, which contains the stator and a rotor revolving at 24,000 rpmp

is certainly one of the most important design problems to be considered.

-9
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Mercury, fed to the bearing as a liquid, may also tend to

evaporate within the clearance and give rise to an undesirable condition

of "mixed-phase" lubrication. Liquid mercury, for example, supplied at

700"F and 30 psia, will begin to vaporize when the pressure in the film

drops to approxLmately 20 psia and continue to do so at an ever increasing

rate as the fluid enters extensive regions within the bearing clearance,

in which the pressure is only slightly above the 1 psia condenser level.

On the other hand, mercury may offer an attractive solution from the point

of view of lubricant scavenging. If the ambient pressure and temperature

(and those in the liquid-film) could be sufficiently well controfled, so

that the substance r3mains predominantly liquid within the film, but is

caused to evaporate upon leaving the clearance, the removal of a vapor

from the ambient surroundings of the rotor to a separate condenser may

offer a considerab-e advantage over scavenging of a liquid in the absence

of gravity.

It may be remarked at this point that there is really no clear

cut distinction betwoen self-acting and externally-pressurized bearings,

particularly in the absence of gravitational forces. A liquid lubricant

is normally supplied at some points on the unloaded side of a bearing,

under pressure which is generally but an insignificant fraction of the

maximum pressure in the film. The very same bearing becomes an

"externally-pressuri ed" bearing under no load (weightless) conditions.

The Journal becomes slightly displaced to an eccentric equilibrium position

and the resultant of pressure forces due to the combined effects of

eccentricity and of external sources is sero.

10 -
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Figure la shows a schematic diagram of the system when the

bearings and the roto:? are placed in the condenser. A more preferable

arrangement, one wh'.ch would afford a better control of the ambient

conditions, is shown in the schematic diagram of Figure lb. From the

point of view of lubricant removal and recirculation under conditions

of weightlessness, it g7,aseous lubricant, or a lubricant which would

evaporate very rapidly in the ambient surroundings, seem to offer a

definite advantage over a liquid. Placing the bearings in als-arroiUding

other than the condonser, and a reasonable degree of latitude in controlling

the ambient pressure and temperature, appear to be desirable features

to be considered in future design.

The question of stability is discussed elsewhere in this report.

With reference to high-speed operation of fluid-film bearings in a nearly

concentric position, vie only wish to remark at this point that this

condition is precisely that in which an instability, generally referred

to as "Whirl", is most likely to occur. One must resort to special types

of "anti-whirl" bearirngs, or induce artificially a high degree of

eccentricity in order to insure stable operation at high rotational speeds.

Summarizing the contents of this section, we conclude that means

must be provided for efficient lubricant scavenging, and that in the

absence of gravity a gas may be superior to-aliquid from this point of

view. Placing the bearings in a temperature and pressure controlled

ambient environment, other than the condenser, appears to be preferable.

The use of mercury as a liquid lubricant which evaporates upon leaving
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the bearing cleararce may offer a possible solution to avoid the accumu-

lation of liquid ir. the surroundings of a high-speed rotor, provided

that the ambient temperatures and pressures in the operating range of a

liquid mercury bearing can be adequately controlled. Finally, remedies

must be found to counteract the tendency of fluid-film bearings to

become unstable at high rotational speeds and at small eccentricity

ratios.

4. Bearinp- Loads

The most difficult Problem posed by future design considerations

are the severe bearing loads encountered during launching and caused by

both vehicle acceleration and vibrations. The effects of vibrations

will be discussed in the following section. Here we shall only consider

the load due to a constant acceleration, assuming a value of 5g to be

representative for a large vehicle. A ratio of approximately 1.15 lb/KVA

is specified for the alternators in the 30 to 100 KVA range (a weight of

35 lb for a 6" x 10' rotor of a 30 KVA generator and a weight of 320 lb

for a 9" x 16" rotor of a 100 KVA generator). Since the vehicle may

tumble in space, we also estimate the maximum allowable rpg of tumbling

which would result in a 5g bearing load.

It is assumed here that the generators are required to supply

power throughout the launching phase and are started during the oount-down

period. It is appropriate to remark at this point that if the generators

are to be started in space, and if tumbling is controlled, it is possibee

to operate, at least in principle, all tWpes of fluid bearings considered

-12-
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so far, be they liqiid or gas-lubricated, self-acting or externally-

pressurized. (In the latter case, a gas-lubricated bearing may have

the advantage from the point of view of lubricant removal from the

ambient surroundings of the generator.)

We shall detnonstrate that no externally-pressurized bearing

of reasonable dimensions is likely to operate successfully if the

vehicle acceleration is 5g and the supply pressure is limited to 3

atmospheres absolute. As an example we take a rotor with two 3" x 3"

Journal bearings. The configuration is shown in Figure 2. The bearing

has 3 pressure pads., separated by venting grooves,* each pad extending

over an arc of approxcLmately 1208. The pads have very shallow,

circumferential grooves, fed by supply nozzles, or orifices. The

journal is shown in a position corresponding to a displacement along

the load line, althoiuh at high rotational speed the attitude angle

would be greater thF-n zero and an additional load carrying capacity would

be induced in a manner analogous to that of a purely self-acting bearing.

For simplicity also, we shall assume a linear pressure drop from the edge

of the groove to the periphery of the pad, and a uniform pressure plateau

extending over the region bounded by the groove. It will be taken for

granted that the clearance, the eccentricity and the dimensions of supply

restrictors allow us to maintain the required pressure levels in

individual pads.

Grooved and groove-separated pad-bearings of this type, as well as soe-
acting journal step-b3arings (Rayleigh type),are inherently more stable
and less likely to " inirl" at high rotational speeds. EC / I(, /.I. A3?

-13-
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The pad iniensions are approximately 3" x 3" and those of the

region bounded by '.h,3 grooves 1-1/2" x 1-1/2". For a supply pressure

Ps " 45 psia and an xmbient pressure Pa - 10 psia, we assume that a

pressure Pr - 22.5 psia (Pr - 0.5 Ps) is maintained in the grooves of

pads 2 and 3, and *;hat the corresponding pressure for pad 1 is Pr -37.5 psi&

(Pr 0.835 P ). These magnitudes are equivalent to pressure differentials,

APr, of 12.5 psi and 27.5 psi above the ambient pressure.

The assuried pressure distribution is that of a "truncated pyramid"

(See Figure 2) and wo may calulate the resultant force for a single pad,

F, as follows

F iA +A + 4/i-rLP -As &r(3 rr r er

in which A and Ar are the areas of the pad and of the region bounded

by the groove, and

Al A+ (2)

The average pressure difference acting on the pad area, A# ist

Ep 0E 0A e P r(3)
AA

The effective force, acting at the center of each pad, is the average

pressure times the projected area of A, normal to -the radius from the

bearing center to the center of the pad, A * The effective force, F # Lot

F -A A' LPAe
-r �r



THE FRANKLIN IISTITr:E - Laboratories for Research and Development

F-BI809

We have:

A - 3 x 3 - 9in2

Ar - 1.5 x 1.5 - 2.25 in 2

and from equation (2):

A - 5.25 in 2
e

Approximately also

A 2 x (1.5 sin 60') x 3 - 7.8 in 2

so that

F -4.55 APr

The magnitude of the effective force for pad 2 and 3 is:

F2 3  - (4.55) (12.5) - 57 lb

and that for pad 1 is:

F1 - (4.55) (27.5) - 125 lb

The total load carrying capacity for this bearing is

I I

L-F - 2F 2  cos 6O0

-125 -57 -68 lb

- 15-.
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In this case, the load

carrying capacity of two 3" x 3",

externally-pressurized journal

bearings is only 13 lb, whereas 0

the load, due to th3 mass of a

rotor accelerated to 5g, is 175 lb

for the smallest, and 550 lb for

the largest rotor in the proposed 60 jX
30 KVA - 100 KVA gene:rator series.

Since the effective a:reas vary as

the square of the linoar bearing dimensions, and since neither clearance

nor eccentricity can be excessively large,the limitations imposed by a

low supply pressure and a high acceleration during launching, coupled

with high-speed and temperature considerations, preclude a successful

application of externally-pressurized bearings.

We next turz our attention to load carrying capacities, likely

to be developed in self-acting, liquid and gas-lubricated bearings. We

shall consider plain journal bearings, but we shall also bear in mind

that plain Journal bearings are generally unstable if operated at high

speeds and at low eccentricity ratios. Stability is often achieved at

the expense of the load carrying capacity. For the present, however,

the plain journal bearing will suffice for the purpose of assessing

the order of magnitude of load carrying capacities. We shall make use

of computer results presented in twofpapers by A. A. Raimondi [4,S 3r

16 -
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although numerous other sources of information, both theoretical and

experimental, are available. A brief review and a summary of basic

theory of fluid film bearings is also presented in Appendix 2.

The performance of a liquid-film bearing is usually specified

in terms of dimensionless parameters:

S - ( L- - Sommerfeld number

- Eccentricity ratio

_L - Length to diameter ratio
D

and, for partiil bsarings,

= Angle subtended by bearing arc

For gas bearings data are more conveniently presented in

terms of:

2 n (R) N= - Compresibility number*C Pa
and W - load ratio

because the gas bearing performance depends on the ambient pressure

level.

In the foregoing

C - bearing clearance, radial
a - eccentricity

D - 2R - Journal diameter

*This is Raimondis epression for - Most authors use -

- 17 )
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L - bearing length
P - unit load (load/projected

bearing area)
N - journal speed (rps)

S- viscosity
Pa - ambient pressure (absolute)

Similar quantities appear in the parameters which characterize

the performance of slider bearings.

We shall consider a 3" x 3" full journal bearing, L/D - 1;

R/C - 1000; c - 0.6*; N - 400 rps (24,000 rpm). For the liquid

lubricant we take mercury at. 650F, A 71.3 x 10-7 lb-sec/in2 (the

viscosity of liquid rubidium is expected to have the same order of

magnitude) and for the gaseous lubricant we consider aluminum bromide

at the same temperature, with an estimated 14 - 23 x 10- lb-sec/in .

An ambient pressure of Pa - 15 psia is assumed.

Example 1 - Liguil mercury

From reference [ ), for a cavitated full journal bearing we have:

at c -0.6; S (C)P 0.14
2 (106)(1.3 x lO-7)(4 x 102)"(C•) #N 1.70 Ps•- oi

(C) S 1.4 x 10-1 x10) 37 ps

The total projected bearing area (2 bearings) is 18 in2. The load

carrying capacity is:

W - 370 x 18 - 6650 lb

*For high speed, high temperature gas bearings, operation at high

eccentricity ratios may become unsafe.

- 18-
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This is more than sufficient to withstand a 5g-loading for the

largest rotor mass. Unlike gas-lubricated bearings, the liquid-

lubricated bearing may be operated, at least for short periods of time#

at very large eccentricity ratios (the "boundary lubrication" region),

without running the risk of severe damage, or total destruction.

Since the temperature rise is of interest in the case of the

more viscous, liquid lubricants, it can be shown (32], with the

assumption that the energy dissipated in the film is available for

increasing the temperature of the lubricant, that:

Q kRCLI

in which, in addition to symbols previously defined, the quantities in

equation (5) are as follows:

AT - temperature rise of lubricant-_,
Y - weight density of lubricant
c - specific heat of lubricant
Q - the volume time-rate of

lubricant entering the film
Qs " the volume time-rate at which

the lubricant leaves the
sides of the bearing

f - coefficient of friction
J - mechanical equivalent of heat

(9336 in-lb/Btu)

In example one, for the case of mercury, we have:

Y- 0.491 ; c - 0.0324 Btu

inb-F

-19 -/
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For S 0 0.14, reference [ 4 ] gives:

•r - 18

hence:

- (1.8 x 101)(3.7 x 102) 45F
JYc (9-.34 x 103)(4-.91 x 10-1)(3.24 x 10-4)

For gases, the increase in temperature would be substantially less and

tend to increase the viscosity and, therefore, the load carrying capacity

of the bearing.

Example 2 - Gaseous Aluminum Bromide

From referenceE[ e" ], we have for a full journal bearing:

at c - 0.6; X.-2r (2 AN .(6.28)(106 )(2.3 x 104)(4 x 102 ) 3.85aC Pa "1.5 X 31

Fa- 1.4 or P = 21 psi

so that for a total projected area of two 3" x 3" bearings, we obtain

a load carrying capacity of

W - 21 x 18 - 380 lb

which will support a 75 lb rotor mass, accelerated to 5g.

Aluminum bromide appears to be a very viscous gas, thAt in if

one is to place any reliance on the calculated viscosity values# Appendix 1.
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We shal., consequently, carry out a similar calculation for

mercury vapor at 7500F to which there corresponds a value of k : 8.3 x 10-9

2lb-sec/in . The reason for selecting this; rather high temperature is

that at Pa . 15 p:iia mercury condenses at approximately 675"F. Since

peak pressures in, the converging part of the film are likely to attain

values twice as large, or more, as that of the ambient pressure,

condensation may occur if the temperature is too low. At the same

time, the ambient pressure can only be lowered at the expense of the

load carrying capacity.

Example 3 - MercujZ Vapor

In this case we have

atce - 0.6; )X- ;2- 2(a) -N (3.85) (8 x 1.' l39C Pa (23 x 10

- 1.12 or - 16.8 psiPa

and a corresponding load carrying capacity of

W - 16.5 x 18 a 300 lb

which is sufficient to support a 60 lb rotoi mass when the acceleration

is 5g. The maximum pressure attained in the film [ 4- ]is approximately

P - 1.a 3 Pa - 21.5 psia
max

so that no condensation will occur (see Figure Al-i).
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It has previously been stated that plain journal bearings

are unstable if operaied at high speeds and at small eccentricity ratios.

We do not wish to anticipate the contents of the next section, but it

must be realized that "anti-whirl" types of journal bearings may have

load carrying capacities of the order of only 50 to 75 percent of

plain journal bearings. Whereas in the case of liquid-lubricated

bearings there appears to be more than enough to spare with regard to

load carrying capacity, the corresponding magnitudes which can be

realized with gas-lubricated bearings are marginal. It may well be that

the latter are suitable only as means of support for small, light rotors.

One is limited oy both bearing size and bearing clearance.

On the other side, the appearance of typical X vs. P/Pa (parameters c

and L/D) clearly indicates their asymptotic behavior (a fact supported

by theoretical considerations [/,2,.). For values of

27 C) F (52 >1

a

the load carrying capacity of most self-acting gas bearings cannot be

increased by any appreciable amount, except by raising the ambient

pressure, Pas Thus, even if it were feasible to operate in a high and,

possibly, non-uniform temperature environment with larger clearance

ratios, R/c (e.g. to decrease the clearance) no benefit would ensue by

increasing X beyond the value of approximately 1. Similar remarks apply

with regards to the possible use of high-viscosity gasea.

-22-
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One must also consider gyroscopic effects due to the angularý

velocity of possible, tumbling motion of the vehicle in space. Assuming

that in the worst :*ossible case the vehicle tumbles at NT rps in a

plane passing through the spin axis of a cylindrical rotor, weight W

(I W 2/8g), revolving at NS rps, we can estimate (NT)max for a

limiting bearing load Fmax - nW and a bearing span, L. Taking this

oversimplified approach for the purpose of estimating the severity of

gyroscopic loads, the maximum gyroscopic moment is:

417 INs (NOt)m . FL (6)

or

4-Y D 2 WN(Nt)max

8g aIWL

in which

F
n max

so that

(N) -mx n (7)

Taking n - 5; N3 - 400 rps; L - 12 in; D - 7.5 in, we have, approximately

(Nt)max % •rps - 12 rpm

-- 23-
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Summarizing briefly the contents of this section, we conclude

that high bearing loads, accompanying the launching of a vehicles could

safely be carried on liquid-mercury and liquid-rubidium-lubricated

bearings, with an additional advantage gained at starting, but with a

possible disadvantage of liquid lubricants in a weightless environment.

Self-acting gas-lubricated bearings may also be designed to withstand

considerable accelerations, particularly for less massive rotors*

Smaller frictional losses would contribute to cooler ambient surroundings

of the generator, while thi removal of a gaseous lubricant in a weight-

less enviro-ient from the ambient bearing and rotor surroundings may be

easier than that of a liquid. Finally, the load carrying capacity of

externally-pressirized bearings at a maximum supply pressure of 3 atmospheres

is insufficient if not supplemented by an appreciable, self-induced

(hydrodynamically) pressure field. External pressurization, however,

will undoubtedly play an important role in starting a generator equipped

with self-acting, gas-lubricated bearings.

-24-
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5. Instability ani Zritical\ Speeds

The bearings, the rotor and the fluid film constitute a complex,

distributed parameter system, the response of which is governed by the

mass and by the elastic properties of its components and the quasi-elastic

and dissipative charicteristica of the film. The formulation of the problems

involves the equatio.as of motion of all moving members, as well as the fluid-

dynamic equations. This results in a set of partial and generally non-linear

differential equations and boundary conditions which are to be satisfied.

It is necessary to make simplifying assumptions and consider only special

cases. Only a limited number of computer and linearized solutions exist

for very simple system3 and bearing configurations. Good experimental data

is equally difficult to obtain. Precise manufacture of test bearings,

alignment and isolatifon of equipment represent a formidable task, but even

more difficult is the problem of accurate and reliable measurement of

eccentricity, pressure and temperature in the bearing clearance. Vibration

measurements of a rotating and a translating shaft, with amplitudes of the

order of a fraction of the clearance, have taxed the ingenuity of many

investigators.

A type of instability invariably associated with gas, as well as

liquid-lubricated journal bearings, particularly when operated at high

speeds and at low eccentricities (vertical or lightly loaded shafts), is

referred to in literature as "half-frequency whirl". The name derives from

the fact that the angular velocity of the line of centers is approximately

one half the speed of rotation of the shaft about its auis. The amplitude

- 25 -
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of the whirling motior may grow with the speed of rotation when the threshold

speed has been reached, so that the danger of total bearing destruction

arises if the amplitude becomes as large as the clearance. This situation

is particularly dangerous in the case of plain, gas-lubricated journal

bearings, which posse.3s neither sufficient damping (low viscosity), nor

any protection that a liquid film may provide to the surfaces. Since

perfect symmetry, balancing and alignment are never realized, not even in

symmetrical, two-bearing-rotors, "angular" modes of whirl are frequently

observed and, generally, at a lower threshold speed than that of the

"translatory" mode.

The scope and nature of this report do not permit us to go into

details. Suffice it to say that no very reliable and theoretically well

founded criteria exist for predicting the threshold frequency of whirl

in liquid-lubricated bearings. This is even more true in the case of

gas-lubricated bearir.gs*. The subject is an extremely controversial one

and this type of instability is frequently confused with other types of

vibrations and auto-oscillations associated with rotors mounted in fluid-

film bearings. For example, when the rotational speed of the shaft is

approximately twice that of its "first critical" speed, another type of

self-excited vibration may occur. This is known as "resonant whip" and

is frequently confused with 11half-frequency whirl". The frequency of this

vibration is equal to approximately the "first critical" and it persists

*The reader is referred to the following, typical references on the

subject which are listed in the bibliographyz (9,//•,/,7J and Cdo I/4 17, i /j3
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at a&proximately thiL freouenm when the shaft speed is increased above

,twice the value of the "first critical". Large and destructive amplitudes

may build up. The latter phenomenon usually occurs in elastic shafts

and may be absent in the case of short, rigid rotors.

A6*RPe. e1UPMCC RE.soNAthIT

0
O%j

II

c~ico

CO R 2- r 6c

A criterion, due to Boeker and Sternlicht [I/o],, )and several

variants thereof, have been used in predicting the threshold frequencies

of half-speed whirl in liquid and gas-lubricated journal bearings possessing

a high degree of symmetry.

The criterion requires that:

in which M is the rotor mass, co is the angular speed of rotation, K is

the rotor stiffness and K2 is defined asi

-•7-
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8F

"1•2 -• - "radial film stiffness"

where Fr is the component of the resultant film-force, FO along the line

of centers.

The difficulty arises from the fact that the meaning and

functional dependence of K2 vary from author to author, and that all

claim good correlation with experimental data, regardless of whether the

particular bearing is externally-pressurized, self-acting, or both, or

whether the lubricant is compressible, or incompressible. Fisher, .herubim

and Fuller [1/4- , for example, assume for K2 a value obtained from statc

load-deflection characteristics, assuming that the components of the film

force, F, are the same as if the load were applied quasi-statically, with

the journal center following the eccentricity locus. They support this

argument by stating that a value of K2 derived in this manner is in good

agreement with values of K2 determined on the basis of (a) frequency of

rotor vibrating in bearings when subjected to impact and (b) the observation

of the "first critical" speed. The agreement between calculated and

experimental results is of the order of 6-9%, which is excellent in view

of the complexity of the problem.

A new approach to K2 was introduced recently by the staff of

the General Electric Co. Bearing Center, under the leadership of Dr.

Sternlicht [ 43 1 They now consider that the fluid foroe, F; (and therefore,

K2 ) depends not only on the eccentric position of the Journal at a given

-28 - / i 1
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instant of time, but also on the velocity. Neither the magnitude, not the

direction of the velocity are known. The authors, therefore, prescribe

different values and directions of the velocity and solve the dynamic

Reynolds equation (Appendix 2) by digital computer techniques. In order

to avoid difficulties in obtaining results for compressible fluids, the

term Wp/at is neglected in the fluid-dynamic equations, although this

step cannot be justified. Tests conducted with vertical rotors and gas-

lubricated bearings show very good agreement between predicted and empirical

results [13b]. Although this hriter is rather skeptical with regard to

the simple criterion in which the most important term, KV, is given so

many different interpretations, we give Elwell's [/3b] summary of the

half-frequency whirl theory for rigid, lightly loaded rotors.

In the case of the "translatory"mode of whirl

and if the rotor is very rigid, 1/K % 0. The threshold frequency of the

".translatory" mode of whirl then becomes:

- M (translatory whirl) (9)COT= M

For a symmetrical, two-bearing rotor K? - 2K2 applies.

For the case of the "angular 3 mode of whirl of a symetricals

two-bearing rotor, we have:

2 Ka 2K3 -2

-293:,
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in which

L2

K3 K a

so that with additional, simplifying assumption with regard to effects

of misalignment

co 2Ka (Angular whirl) (12)

In the foregoing equations:

S- Bearing span, center to center
L - Bearing length

ItIp M Transverse and polar moments of intertia of rotor

and Ka is the trans;1atory radial stiffness at one bearing corresponding to

the "angular" thres3hold speed of whirl, a".

The predictions based on equations (9) and (12) will be as good

as the K-values, Nevertheless, satisfactory results have been obtained

with [ /3 ] or without[ /14 ]introducing refinements in the determination

of K2 or K a* Since the critical speed value varies here as the square

root of either K, the error is always halved. This may be, indeed, a

blessing in disguise.

In reference [/.3 othe authors also consider the stresonant

frequencies" of a symmetrical, rigid rotor. The center of gravity does

not coincide with the geometrical axis of the rotor, but is displaced

by an amount equal to b in the plane of symmetry perpendicular to the

axis. It is assumed here that the center of the Journal moves in a

- 30 -
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circular orbit, radius e° < C, around the bearing center and that the

unbalance rotates with the same angular velocity as the journal. The

"resonant frequencies" for specific values of b, e• and co are given by

the expression

SF (13)
res meoca T1 - 2

00

where F is the fluid-force exerted on the journal, and values of its

dimensionless equivalent

)2 F

for this type of motion are tabulated in reference [/34,] for various ratios

of Co- ea/C. Since an unbalance is a rotating load, one may apply these

results in analogous situations in the case of an electrical unbalance.

An analytical investigation of whirl in gas-lubricated bearings

is presently conducted at The Franklin Institute by Mr. V. Castelli. The

dimensionless parameters which must be maximized, or minimized in order

to insure stability, are:
x. - /'-(R) 2 Cmin zed)

a

B(maxmized) (34)
S. w

- P -(maximized)
a a

-31-
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The pararaeter X tells us, that for a prescribed aniular velocity,

gas viscosity and bearing diameter, the smallest possible clearance should

be used and that a high ambient pressure is desirable. The parameters B

and P/Pa indicate that stability favors non-massive, but heavily loaded

rotors. Finally, long bearings are more likely to be unstable than short

bearings. The reader will be aware, of course, that one must refer to

dimensionless paramieters as a whole, and not to dimensional quantities

individually. The preceding remarks are merely intended to give some

kind of a physical interpretation to possible effects of speed, weight,

size, etc. Requirements applicable to liquid-lubricated bearings are

almost identical, except that the ambient pressure affects only the

degree of film cavit&tion, but does not otherwise affect the load carrying

capacity of the bearing. In the limiting case of X -- O, the compressible

and incompressible solutions give the same results, but note that for the

same X an increase in the viscosity by a factor of 10 2, for example, is

equivalent to a corresponding increase of the clearance by a factor of

10. This, and remarks made in the last section, show that in the case

of liquid-lubricated bearings neither load, nor stability requirements

impose as severe limitations on the bearing clearance ratio as in the case

of gas-lubricated bearing. This is an important consideration, since high

0 temperatures and temperature gradients call for a bearing with the greatest

possible clearance. Moreover, the values of X are likely to be so high

". that no further benefit could be derived from an additional increase (by

increasing R/C), because of the asymptotic behavior at the load when %+oo.

- 32 -
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On the other hand, a large R/C ratio is most important from the

point of view of stability, but because of limitations imposed by high

temperatures and temperature gradients we cannot take advantage of

stabilizing the bearirg by reducing the clearance.

It is difficult to predict the response of the rotor mass when the

entire generator and the bearing supports are subjected to random disturbances,

or steady vibrations writhin a wide frequency band. A condition of resonance at

some frequency of excitation is to be expected and much will depend on the

"method of isolation of the generator. If at the time of launching, or

during flight, the node and frequency of excitation transmitted to the

bearings is such that a resonant condition is induced in the quasi-elastic

rotor and fluid-film system, one can only rely on the dissipative properties

of the film to limit the amplitudes of relative bearing and journal displacement

to a reasonable fraction of the clearance. Liquids, because of their higher

viscosities, are certainly superior from this point of view. The "first

natural" of the rotor will probably be below the 400 cps, operating speed,

so that one may not have to worry about frequencies of excitation. in the

103 to 104 cps band width, provided the bearings can be designed for the

rotor to "ride over the critical" and for whirl-free operation at the rated

speed. We do not wish to minimize the adverse effect of shock and vibrations,

but it would be futile at this stage to speculate with regard to the response

of an unknown, distributed parameter, non-linear system to unspecified inputs.
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Susmarizinj; the content of this section, we conclude that the most

important alpect of a successful bearing design is to insure stable and whirl-

free operation. All other requirements may be met, but if the bearing is

inherently unstable when operated at high speeds in a nearly concentric

position, it will be useless half way to Venus, though it may support a

50g load when the vehicle starts on its way. We have pointed out that plain

journal-bearings are the worst offenders from this point of view and that

the problem of instability of rotors in fluid-film bearings has not been

completely solved. One is not as helpless, however, as it may seem, since

bearings have been designed and operated well in excess of 100,000 DN. In

the next section, therefore, we shall consider again briefly the physical

mechanism of half-frequency-whirl and the requirements for constructing

anti-whirl bearings. We shall then consider one type of anti-whirl bearing,

known to have been used successfully in many high-speed applications. An

approximate estimate of the load carrying capacity of such a bearing will

also be made, for both a liquid and a gas.

- 34 -
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6. Anti-AWhirl Bear:Ln.s and Their Load Capacity

Returning to the subject of "'half-frequency whirl", the following

simple illustration of the phenomenon is given. Referring to Figure 5,

consider a very long bearing, completely filled with a liquid. If the

shaft is vertical, or unloaded, the bearing and the journal are concentric.

If a load, W, is applied as shown, the Sommerfeld bearing causes the journal

center to be displaced at right angles to the load line. If there is no

load, but the journal is accidentally displaced by a small distance, eo,

from 0 to 01, the pres.sure forces in the converging half of the film will

tend to drive the journal in an orbit around the bearing center, because

in this position there is a moment -Are acting on the journal. For a smallo

displacement and laminar flow conditions,the velocity profile will be nearly

linear, Figure 5. The quantity of liquid transferred at the point of maximum

clearance to the lower bearing half must equal the quantity of liquid entering

the upper bearing half at the point of minimum clearance. To satisfy the

conservation condition we must have:

Rt (C +"o) - 1 ¢t C - .o) 2Rg-(5
2 0

Hence

o(16)

showing that the whirl frequency, 0, is one half of co, the angular speed

of rotation of the journal. This simple approach gives a qualitative

explanation of the phenomenon, but with loaded, finite journal$ and com-

pressible lubricants the analysis of the whirl problem is much more oagpax.

-35 -
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Nevertheless, it becomes apparent that if the journal of a plain

cylindrical bearing is accidentally displaced from the concentric position,

one may expect a large component of the resultant fluid-force at right angles

to the displacement, -which tends to drive the journal into an orbit, or into

a path which spiral3 out. The properties of an anti-whirl bearing must be

such as to return the journal to the equilibrium position along the shortest

possible path. This can be achieved by introducing discontinuities into

the film, that is by dividing the cylindrical bearing surface into several

regions, the resultant pressure force at each region tending to restore the

journal to the equilibrium position. The "balkanization" of the bearing

surface can be accomplished in several ways. The simplest method is to

introduce several axial grooves in the bearing, so that each sector acts as

a partial bearing. A more elaborate method is a pivoted-slider construction,

similar to that of the usual thrust bearing, except that the sliders are curved

around the journal. This type of bearing is claimed to be very stable [ // I

and possesses self-aligning properties. Another very efficient method is the

adaptationc the Rayleigh step to the journal bearing 6,1/S]. It is this

type of bearing which we intend to discuss. In reference[ 6 ], the author

describes the successful application of the Rayleigh step to gas-lubricated

journal and thrust bearings of generators and motors, This writer had the

opportunity to inspect some of the units in Germany. One, AC generator, rated

at 60 KW at 1500 rpnL, had a 485 lb rotor supported on two air-lubricated,

11.2" x 8.0" bearings, having a clearance ratio as sall as C/R - 0.00072

- 36 -



THE FRANKLIN INSTITUT E - Laboratories for Research and Development

F-81809

(R/C - 1400). No high temperatures or large deflections had to be considered

in this case. A smaller, rotor, when mounted in plain journal bearings,

began to whirl at 3600 rpm, but operated perfectly up to 30,000 rpm when

mounted in a type of bearing shown in Figure 3. The eccentricity locus of

a multiple-pad journal bearing has the character of (II), Figure 4b, while

a plain, finite journal has a locus which corresponds to the schematic (W).

The multiple-pad bearings, unliKe plain journal bearings, develop an appreciable

force which tends to oppose the displacement of the journal along the line

of centers, while the transverse component remains small. This is the desired

anti-whirl property, but it can only be achieved at the expense of the load

carrying capacity. W3 shall, consequently, estimate the load carrying capacity

of the Rayleigh-step journal-bearing, Figure 3, and compare the results with

those obtained with marcury and mercury vapor in Examples 1 and 3 for the

case of the plain 311 x 311 journal bearing.

Example 4 - Liquid Mercury Anti-Whirl Bearing

Consider the 3" x 3" Rayleigh-step journal-bearing in Figure 3.

Design charts for certain optimum proportions for this type of bearing have

been supplied to the writer through the courtesy of Dr. H. Drescher,
it

Gottingen, Germany, and approximate values of parameters used in this example

have been obtained with their ald. The parameters are:

3- 37 -
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h2
- Dimensionless loadBUZ

B - Ratio of length to
Z width of slider

b
E- Step length ratio

z Step pocket width
ratio

h
- . Ratio of clearance
d and of step depth

in which P is unit load based on the projected bearing area, A is the lubricant

viscosity, U is the surface velocity of the slider, and the meaning of all

other symbols is indicated in Figure 3.

The local clearance in a journal is given by

h-C (1 +c coso) (17)

where c is the eccentricity ratio, e/C, and 0 is measured from the line of

centers and h - h ax. The local clearance is not constant, but for the

purpose of obtaining approximate values of the load capacity, we shall

assume a clearance value corresponding to the midpoint of each of the six

individual steps (at 1/2 B). The center of pressure will be taken at

approximately 5* from the step, opposite to the direction of rotation of

the journal. The eccentricity locus will be assumed to be nearly parallel

to the load line. We neglect the curvature and assume that the total force

contributions of each "plain" slider,, P1 , 2 ,. 6 , act at the centers of pressurse.

We take, in addition to data in Example 1:
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B - Z 1.5

B b Z

For a maximum allowable eccentricity ratio of c - 0.6, we obtains

h1 - 0.60 x 10-3 in

h1,6 - 1.05 x 10-3 in

h3,5 . 1.95 x 1073 in

h 4- 2.40 x 10-3 in

An optimum ratio for slider I is:

hl 0.8; d - 0.75 x 10-3 ind

For this value of d, we then obtain the remaining five h/d ratios. The

dimensionless loads of all pads can now be determined. There are two

bearings and two rows of pads for each bearing (Figure 3). The contributions

to the load carrying capacity (from each pair of pads) of two bearings are:

2FI - 1530 lb

2F2 , 6 - 452 lb

2F3 , 5 W 84 lb

2F4 - 45 lb

A vector diagram for these forces is shown in Figure la. The

resultant, R is approximately:

R - 1800 Ib
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It is reasonable to assume that this is the order of magnitude of load which

this bearing can support. Note that this is only 40% of the load which a

plain, liquid-mercur.r-lubricated journal bearing can support under identical

conditions (See Example 1). Nevertheless, a 120 lb rotor (100 KVA

generator) requires a load capacity of only 550 lb when accelerated to 5g,

whereas the available capacity is more than 3 times as large and, therefore,

more than sufficient. We note that slider 1 provides approximately 5/6 of

the total load car2y..ng capacity. Since a gas-lubricated Rayleigh type

journal bearing will behave similarly, we shall limit our considerations

to this slider alone when the lubricant is mercury vapor.

Example 5 - Mercury Vapor Ant.Thirl-Bearing

The only available* design data are due to Gross[ 3 ] and are

limited to sliders having a slenderness ratio B/Z - 1, a step length ratio

b/B - 0.5 and ratios h,/h 2 - 2 and hl/h2 - 3 (See diagram below).

BT

Z-B

*Useful data for the infinitelyv long step bearing (e.g. vq small B/Z
ratios) is contained in a paper by IC. C. K~ochi, reference7 /d.I

-40 -



_.. . . _ _ _ . . *I C..I

THE FRANKLIN INsTrL'.m - Laboratories for Research and Development

F*B1809

Unlike the Drescher step bearing, there are no pockets in this slider

(z/Z - 0). The d:mnensionless load

aPBZ
a

is given as a function of the speed-compressibility parameter, defined

here as:

A 64-P 2
ah2

We have for h /h 2 - 2 and h2 - 0.6 x lO-3 in)h - 2 x 0.6 x 10 - 1.2 x 10"3If,

which corresponds to

d - h2 - 0.6 x 10-3 in

If we retain the two-row pad construction of Example 4, then for a pad

B - Z - 1.5"

and with AS - 8.3 x 1C-9 lb-sec/in2 ; P - 15 psia;

A (M6)(8.3 x 10-9)(3.14 x 4 x 102 x 3)(1.5) 52

(15)(0.36 x 106)

the dimensionless load is:

-=0.45

For two bearings there are 4 pads corresponding to position 1

(e.g., approximately normal! to the load line) and these contribute:

- (4)(15)(1.5)(1.5)(0.45) - 58 lb
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as compared with

2F, - 1530 lb

for liquid mercury and a for a similar pad arrangement in Example 4.

For the plain, mercury-vapor-lubricated journal bearing, a load

carrying capacity of 300 lb was estimated in Example 3. If we were to

select more favorable slider proportion, dispensing with the two-row

arrangement and introducing a pocket construction in order to reduce side

leakage, we could hardly expect.to carry more than 100 lb with two 3" x 3"

bearings at c - 0.6, which is not sufficient to support even the smallest,

35 lb rotor at an acceleration of 5g. Nevertheless, it may be possible to

lengthen the bearings and to increase the diameters of the journals. It

may well be that the bearing will be stable with three instead of with six

sliders along the periphery. Aluminum bromide is apparently 3 times as

viscous as mercury vapcr and, all other things being equal, would increase

A, by a factor of 3. For a ratio of h1/h2 - 3, we would then obtain a

dimensionless load value for the same slider of 0.95, as compared with 0.45

iTL the previous case, an increase of over 50%. The mounting of the lighter

and medium size rotors of the 30 KVA - 100 KVA generator series in whirl-

free, gas-lubricated bearings is, therefore, feasible but more difficult

to achieve than with liquid-lubricated bearings.

Summarizing the content of this section, we note that the price

one must pay for achieving stability is high, in as much as the load carr€ing

capacity will be reduced. This represents no problem with liquid-lubricated
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bearings, because there is a sufficient surplus and reserve to withstand

g-loads considerably higher than 5. We do not exclude the possibility

of using gas-lubricate;d bearings, although their load carrying capacity

appears to be marginal. The choice is limited, because one cannot reduce

the clearance under the stipulated operating conditions, nor allow the

eccentricity to become too large. Moreover, with higher values of the

bearing number,A, one enters an area of diminishing returns, because the

load approaches an asymptotic value. The highest possible ambient pressure

and bearing size compatible with other requirements are recommended in the

case of gas-lubricated bearings. Despite the apparent disadvantages, gas

bearings may provide the answer to many problems, such as scavenging in

a weightless envirorment, dissipation of energy in the form of heat, etc.

The reader should not dismiss the possibility of their use and he should

also be aware that the approximate calculations in this report are limited

to particular bearing dimensions and configurations and are, therefore,

by no means conclusive.
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7. Bearing MaterLals - General Requirements

The selsction of bearing materials poses a formidable problem.

Certain materials msy combine a number of desirable properties, but

may be deficient in other equally important characteristics. We

begin with discussing the requirements and the conditions which must

be met in order to insure a bearing life of approximately 10,000 hours

of steady-state operation. This part of the discussion will best be

served by a very approximate calculation of clearance reduction due

to the combined effects of temperature, centrifugal forces, and creep.

The reader will realize that the necessary oversimplification of the

problem restricts the usefulness of this calculation, but that a rough

estimate of clearance reduction may be obtained in this manner. A

full treatment of the problem, if one were to account for stresses and

deformations produced by temperature gradients, boundary constrainr1,

the distributed mass of the rotating journal and creep, while taking

simultaneously into consideration the temperature dependence of Youngts

modulus, Poissonts ratio etc., is beyond the scope of this report..

For simplicity, we postulate a linear and unconstrained

expansion of the bearing and of the journal, proportional to their

"average" temperatures. In calculating the growth and mandzmm stress

of a high-speed, solid journal, we assume a decrease in the value of

the elastic modulus from 30 x 106 psi to 25 x 106 psi and an increase
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of Poisson's ratio from 0.3 to 0.33 at 800OF. In estimating the creep

rate at that temperature, the maximum stress value is taken%. The example

is worked for a 3 inch journal, rotating at 24,000 rpm, and a bearing

with an initial clearance ratio R C - 1000 at T - 70F. The coefficients

of linear expansion and the creep rate assumed in this example are

relatively low, but well within the capabilities of alloys employed in

high temperature applications.

Exampl e 4

Let:

R - Radius of journal at temperature T
0 0

C0 - Initial clearance (radial) at temperature T0
C1 - Operating clearance (radial)

b - bT * 5o• + 6c - Total clearance reduction, due
to thermal expansica, centri-
fugal forces and creep re-
spectively.

a - Coefficient of expansion

-AT "Average" temperature rise above T0

p - Direct stress

E - Young's modulus

a - Pboisson's ratio

p - Mass density of journal material

co- Angular velocity of journal

The subscripts "J" and '"b refer to "Journal" and 'lbearingWS, and "r" and

'It" denote the "radial" and the "tangential" directions of the direct

stresses.
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(a) To determine the clearance reduction due to thermal expansions have:

b "- a MT -ab C(R + co) 'Tb (18)

Assuming c - aj - b as a minimum requirement when ATj > ATb:

T cAT j ( R0 + C . ATb, ( ATb
"bT " o 1 - R0o • R•) T c -, ("T)

Assuming that wi can select an alloy which has a relatively low

coefficient of expansion, a - 2 x 10-6 in/in/*F, and that the

difference between the "taveragel" journal and bearing temperatures

does not exceed IO0OF, we take:

a - 2 x 10-6 in/in/*F

R - 1.5 in

AT - 1/2 (800 + 700) - 70 - 680Fj
A% - 1/2 (700 + 600) - 70 - 580-F

I - (AT./AT) - 1 - 0.85 - 0.15

so that:

bT I (2 x 10 6)(1.5)(680)(O.15) - 0.305 x 10"3 in

For a ratio R0/C0 - 1000, bT represents approximately 1/5 of the
initial radial clearance, Coo

0

(b) To determine the clearance reduction due to centrifugal forces

acting on a solid journal[ 30], we haves

2 3

.c o 4z
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We take:

a) - ZT-N - 6.28 x 400 = 2512 Rad/sec

p - y/g- 0.283/386 - 0.735 x 10-3 l_-sec2 /in 4

a - 0.33

E - '5 x 10-6 lb/in2

and obtain:

bc- = (6.3 x 106 )(C.735 x 1073)(3.38)(0.67)(304) - 0.105 x 10-3 in

For a ratio R /Cc - 1000, bCO represents approximately 1/10 of the

initial clearance, Coo

Wc) To determine the clearance reduction due to creep, we first

calculate the maximum stress[ 30 ]for a solid Journal (center

of journal):

2 2(Pr:= COPo, 2a(p2a
"rmax " 1 " (Pt (8/)

(p)max - (0.125)(6.3 x 106)(0.735 x 1o-3)(2.25)(3.5) - 4-.550 lb/in2

"At a temperature of 800°F and a stress of approximately 5000 psi, plain

carbon steels have creep rates of the order of 0.1%/104 hrs. For the

same conditions, creep rates of alloy steels used in high-temperature [31J

applications (for example, 19-9 W-M%, Timken 16-25-64, Inconel X or

Hastelloy B) are at least 100 times smaller. If we select an alloy

which has a creep rate of 0.01% per 10,000 hours at a temperature

of 800F and a stress of 5000 psi#'
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be SO1. 5 lO X -o74s .15 x 1o-3 in

For a ratio R /C° a 1000, bc represents approximately 1/10 of the

initial radial clearance, Coo

We thus have for the total clearance reduction:

b . b T + +O * 0.56 x 10- inT c c

which represents a 37% reduction of the initial radial clearance

CO - 1.5 x 1073 in, and an operating radial clearance C1 - 0.94 x 10 in.

If the journals are hollow and efficiently cooled, so that

temperature gradients can be minimized, thermal stresses, as well as stresses

caused by centrifugal forces, can be greatly reduced. This would tend

to reduce the clearance loss and enhance the dimensional stability of

the journal over its entire length. Assuming the bearing to be cooler

than the journal, it may be advisable to select a bearing material having

a larger value of the coefficient of expansion than the journal material.

The nature of the bearing support must be such that the bearing sleeve

is not unduly restrained from expanding and some provision for the self-

alignment of bearings with respect to the journals must be made*. The

initial dimensions of the bearing and of the journal must be determined

on the basis of operating clearance requirements with regard to eccentric

operation and with due allowance made for thermal distortion of bearing

For example, mounting the bearings in metal diaphragms which resist
lateral deflections but permit the axial alignment of the bearing and
of the Journal. Gimballing and pivoted journal bearing construction
represent two of many other alternatives.
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surfaces. There i not much latitude in the selection of the clearance

ratio, particularly in the case of self-acting, gas-lubricated bearings,

both from the load carrying capacity and stability point of view, so

that the absence of appreciable temperature gradients and effective

temperature control of the shaft and of the bearings are essential.

We next turn our attention to the problem of starting and

stopping. In an exp3rimental model, both starting and stopping may be

required at frequent intervals, but in a space vehicle the problem may

be reduced to a single start prior to launching. In the case of liquid

lubricants, no particular problem exists unless a "dry" start is

contemplated. The frictional compatability of materials need not be

considered if provision is made to lift the rotor before starting by

means of an external (with respect to the bearing) pressure source, so

that no metal-to-metal contact occurs when the journal begins to rotate.

This is quite important in starting '#hot",, self-acting, gas-lubricated

bearings and may be accomplished by simply supplying the gas under

pressure through a number of small orifices, located in the lower bearing

half. (There are other possibilities of avoiding journal and bearing

contact, such as resting the rotor on stops which protrude above the

bearing surface only by a small fraction of the total clearance, and

which possess good dry friction characteristics.)

If a "dry" start of a gas-bearing is contemplated, the bearing

and journal materials must be compatible. Literature abounds with data

on the compatibility of numerous materials, and tests have been conducted
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for a wide range of temperature and load conditions and for a variety of

lubricants, surface coating and ambient environments. The choice of

materials and of its ,;urface treatment will vary with each particular

application and it is not proposed to make specific recommendations,

particularly since fri.ctional compatability of materials does not seem

to represent a major problem for a limited number of starts and stops.

We shall summarize, however, the remarks of Drescher[ 6 ], which may

serve as a guide in the selection of materials if a "dry" start is

unavoidable. The asperities and surface irregularities are subject

to both elastic and plastic deformation. The degree to which elastic

deformation takes place before some of the asperities deform plastically,

depends on the elasticity and hardness of the materials. Such factors

as surface finish, the grain structure of the material, and many others

are also important. JAthough no functional relationship is known, a

combination of large hardness and a low elastic modulus is favorable.

Since both the journal and the bearing materials are compressed, the

effect is additive; but since plastic deformation will occur first in

the asperities of the softer material, it is the hardness of the latter

which is decisive. The dimensionless parameter which is to be madimized

(assuming that the bearing hardness, N, is less than the hardness of

the journal, H is:
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in which % and E, ,ire the elastic moduli of the bearing and of the

journal materials. Thus, in addition to properties discussed in the

preceding paragraph3, materials which are relatively hard and elastic

at elevated tempera;ures provide suitable combinations within limits

dictated by other re•quirements.

Summarizing the contents of this section, the most important

prerequisite from thle material point of view is the ability to maintain

dimensional tolerances. A low coefficient of thermal expansion and a

low creep rate are desirable UJnless the bearing size is considerably

larger than 3 inchev, no high strength is called for. The materials

must be reasonably compatible, able to retain a good surface finish and

hardness at temperatures of the order of 8006F. For a limited number

of "dry" starts and stops, the susceptibility of materials to spalling

or galling is to be considered, rather than overall "good wear$' characteristics.

Chemical activity between the materials and the lubricating medium must,

of course, be reduced to a minimum. It is definitely recommended that

the journals (or the entire shaft) be hollow and that every effort be

made to avoid appreciable temperature gradients. High thermal conductivity

of materials is desirable as well as efficient cooling, especially in

regions where heat is conducted to the bearings from the turbine, or from

the generator.
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8. Conclusions and _ec~orpndatio~ n

The recipients of this report are undoubtedly aware of the

variety and complexity of problems which must be solved before one can

e',en contemplate the successful operation of generators under the postulated

conditions. It is natural for every specialist to stress the difficulties

to be anticipated in his area of responsibility and to minimize or over-

simplify other equally important problems. Nor does this writer claim to

be irmune to this tendency. Nevertheless, we believe that a turbo-generator

must be designed "radially outward", that is consideration must first be

given to the method of supporting the rotor. No amount of sophistication in

alternator and turbins design can possibly supply the answer to one simple

question, namely '"4ili the rotor revolve?" If no other benefit accrues

from this discussion, ws hope at least that the prospective contractors,

engineers, and designers will have realized that bearings, the proverbial

"rectangles with two diagonals", require particularly careful attention.

We emphasize once more that the discussion presented in this report

(and the conclusions which may be drawn from it) is neither exhaustive, nor

.... final. The manner in which the problem is started is such that for each

topic discussed there will be those in whose opinion other aspects of bearing

operation are more important and have been omitted in this report. There

will be those who disagree with everything that has been stated, those who

offer an innumerable number of alternative solutions to each and every

suggestion, and those who are critical of either oversimplification, or

overstatement of the problem.
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The autho: has followed a procedure of summarizing the contents

of each section buffore entering the next topic of discussion. Here we

make an attempt to r7eview the overall aspects of this compleax fluid-film

bearing problem, to arrive at certain conclusions and to make a number of

recommendations.

With rega:-d to liquid lubricants, both rubidium and mercury offer

definite possibilities in the specified temperature-pressure range. Rubidium,

since it has a veiy low vapor pressure in the 600*-800"F temperature range

(Figure Al-I) and a viscosity of the order of water at room temperature,

appears to offer & particularly good solution for a liquid-lubricated

bearing, even if the bearing is to be operated in the ambient surroundings

of the condenser. Liquid mercury would require some degree of temperature

and pressure control if rapid vaporization and cavitation within the film

is to be avoided. The limited viscosity data of sulfur indicate that the

liquid might still retain the "pitch-like" quality in the operating temper-

ature range and is probably unsuitable for high speed operation. The

corrosive tendency of this substance, particularly in the presence of

residual amounts of oxygen in the system, may have an adverse effect on the

bearings.

With regard to gaseous lubricants we can again eliminate sulfur,

which is readily available as a gas, but only at relatively high temperatures

and low pressures. We have no experimental viscosity data of aluminum bromide.

Calculations, based on equations contained in Appendix 1, indicate that this

gas may be 10 times as viscous in the operating temperature range as air

at room temperature. We do not know what its chemical and other oharaoteristiso
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are and how the substance would affect the generator performance as a whole,

but aluminum bromide gives an indication of being a superior, gaseous

lubricant. Mercury vapor requires an operating temperature from 700* to

800*F, rather than from 600" to 700"F, e.g., at the high extreme of the

contemplated teuperature range.

The weightless environment poses the problem of lubricant

scavenging if the lubricant is a liquid. It is realized that the medium

is condensed before being returned to the '"boiler", so that the problem

of circulation will exist it one point of the closed loop, or another. We

assume that the generator cannot operate when wholly, or even partly submerged

in a liquid and -e take it for granted that a purely gaseous environment

in a separate (from the condenser) generator housing is desirable. It is

also assumed that the substance can be supplied and withdrawn from the

ambient surroundings of the bearings and of the generator in gaseous form

and that this represents a lesser problem than the scavenging of a liquid

lubricant. If the latter consideration does not apply, we recommend un-

reservedly that liquid-lubricated bearings be used, since they are capable

of withstanding nuch higher g-loads than gas bearings, have better

damping characteristics, can be safely operated at high eccentricity ratios

and with larger clearances, and will not be immediately destroyed on first

metal-to-metal contact between the journal and the bearing. On the other

hand, the gas bearing may offer the advantages of easier scavenging and

circulation and of appreciably less energy dissipation in the form of heat

that imast be removed from the ambient surroundings of the generator. With
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the exception of rubidium., liquid films will tend to evaporate and cavitate

if the bearing is operated in a nearly concentric position and in a low-

pressure condenser environment. A separate bearing and generator housing,

one in which the ambient temperature and pressure can be controlled to a

reasonable degree, is recommended.

The two extremes of operating conditions require the same bearing

to perform equally well when subjected to high accelerations and vibrations

during launching and when the rotor becomes weightless. It has been pointed

out that a supply pressure 6f 3 atmospheres absolute is too low for an

externally-pressurized bearing of reasonable dimensions, particularly in

the case of larger rotors. External pressurization is a convenient method

of rotor support at starting with self-acting gas bearings. A hybrid

design, in which the self-generated load carrying capacity of a gas

bearing is augmented by external pressurization, is feasible.

We have discussed the problem of whirl,an instability which is

invariably present in plain and lightly loaded, high-speed journal-bearings,

and we have demonstrated that the load carrying capacity of anti-whirl

bearings is much less than the capacity of plain bearings of comparable

dinmensions. Despite this reduction, the liquid-lubricated, anti-whirl

bearings have ample reserve of load capacity, so that no problem exists

in this area during launching. In the case of gas-lubricated bearings,

even the plain journal bearings may have a capacity which is marginal.

If an anti-whirl gas-bearing is to ba employed, an increase size, combined

with a sophisticated design, in which the best possible choice of clearance

- 55 -



THE FRANKLIN INSIUT.117 - Laboratories for Research and Development

F-B1809

ratio, pad configuration and utilization of the maximum available area

are incorporated, w..11 provide, we believe, sufficient capacity to with-

stand a load of the o:-der of 5g.

Finally, witth regard to bearing materials, we have no reason to

think that the limit1ations are imposed by considerations of either strength,

or creep. What is mo;t important in this application is a low coefficient

of thermal expansiorn .nd minimization of temperature gradients. The journals,

and possibly the whcle shaft, should definitely be hollow and adequately

cooled. The bearing shell must not be unduly constrained and provision must

be made for self-aligrment. The bearing materials must have a high degree

of dimensional stability, and every attempt should be made to insure minimum

distortion, reduction, or increase of the nominal, operating clearance.

These considerations are particularly important in the case of gas-lubricated

bearings, which generally require much smaller clearances than liquid-lubricated

bearings and in which metal-to-metal contact at high speeds results in total

destruction. The bearing surfaces may also be subjected to the corrosive

influence of the lubricating media. It is well known that this problem exists

with sulfur, particularly in the presence of residual oxygen and moisture. The

corrosive influence of mercury in the considered temperature range does not

appear to be very serious, especially with steels containing molybdenum and

and titanium as alloying elements, or with titanium inhibited mercury (33).

No information is available on possible chemical effects of Rubiduim and

Aluminum Bromide on bearing materials in the considered temperature range.

The selection of particular materials, surface coatings, methods of mounting

and manufacture cannot be discussed until the problem is defined in more

specific terms.
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APPENDIX 1

Estimation of Viscosities

For monEtomic gases, the viscosity may be calculated from

the following expression, based on theories due to Chapman and

Enskog [2t7]:

J- 2.6693 x 105 A (Al-)

f' (tA-3)

in which A is the viscosity in gm cm sec (poise), c is the

"collision diameter" of the molecule in Angstroms (10-8 cm), M is the

molecular weight, T the absolute temperature in *K, K is the Boltzmann

constant, c is the maximum energy of attraction between a pair of

molecules and A it; a slowly varying function of the dimensionless

temperature KT& (see tabulation, reference [2-6I, pg. 13). The

m (sol) term denotes the volume of one mole of the substance in the

solid state and at the melting point in cl moel" and the ratio r/K

may be taken as

c/K - 1.92 Tm (A0164)

where Tm is the absolute temperature at the melting point in OK.

/
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Similar expressions for a are given in reference[ 26 ]when

the boiling and/or critical point of the substance is the reference

datum.

Although this formula is derived for dilute, monatomic gases,

it gives remarkably good results for polyatomic gases. It has also

been extended by Curtiss and Hirschfelder to include multi-component

gas mixtures. Another useful relation [27,29]in the estimation of the

viscosity of gases, due to Sutherland, is

13/2Is_ To÷C~t° T + C To
0 '0

where A is the viscosity at the temperature (absolute) T • If the

viscosity is known for two or more values of the temperature, the

constant C can be determined.

Several methods have been developed for the computation of

viscosities of dense gases and are given on pp. 14-16 in reference[ J.

Rough estimates of the viscosity of liquids may be obtained

from Troutons Rule (based on Eyring's theory)[ ):

S-3.98 x 10-3 (p/M) 83-1 TbOT

in which p is the mass density gn cm-3, M the molecular weight, Tb is

the temperature at the normal boiling point in *K, and T the liquid

temperature in "K [.6].
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